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Abstract
We have performed laboratory measurements of the bidirectional reflectance factor (BRF) of a sample of
dark volcanic sand. The measurements were carried out with three different treatments of the sample to
produce different porosity and roughness characteristics. We model the measured BRF with a semi-numerical
scattering model for particulate media, meant especially for dark planetary regoliths. We compare the BRF in
two different spectral bands, 500–600 nm and 800–900 nm. The particulate medium (PM) scattering model
is found to fit the measured data well, with a phase function representing the differences between the spectral
bands. The interpretation of the physical parameters of the PM model is qualitatively sound, but remains
somewhat uncertain due in part to the difficulty of characterizing the measured sample.
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1. Introduction
For most of the bodies in the Solar System, the
only sources of data available to us are photometry,
spectrometry, and polarimetry. For the great major-
ity, these properties can be observed only as disk-
integrated quantities as the bodies are too small to
resolve with our telescopes. In a few cases, images
taken by spacecraft show a disk-resolved view of the
surface and only a handful of objects have been actu-
ally studied up close by a variety of scientific instru-
ments.
A good understanding of the spectral reflection
properties of these objects is necessary in order to
make most of the observed data. Disk-integrated
spectrometry allows, e.g., for asteroid classification
by spectral type, which indicates the mineral compo-
sition [4], and photometric lightcurves allow the de-
termination of an asteroid’s rotation state and shape
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[12]. A good reflectance model is also necessary for
the photometric correction of imaging data of plan-
etary surfaces taken by spacecraft [6]. Images taken
in different illumination geometries can be compared
and analysed together only after the effects of the ge-
ometry have been taken into account.
Due to the Apollo missions, the lunar regolith is
the best understood of the planetary surface mate-
rials and serves as a prototype for the regoliths of
other atmosphereless bodies such as the asteroids. It
is formed from basaltic and anorthositic lunar rocks
broken up by micrometeorites, thermal stress and so-
lar radiation [15]. Volcanic basalt on Earth is used
to produce regolith analogs, which approximate the
chemical and physical properties of the samples re-
turned from the Moon [16].
Many models for the reflectance of regolith-
covered Solar System bodies have been developed,
such as those of Lumme and Bowell [14], Hapke [10]
and Shkuratov [24]. Li et al. [13] provide an up-to-
date review on models applied to asteroid photome-
try.
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Many laboratory studies of various regolith ana-
logues exist in the literature, usually focused on one
particular detail, such as the opposition effect fea-
tures [25, 3], the effects of packing density [18, 9],
estimating the parameters of a particular model or
family of models [5, 23], or comparing different
models. Johnson et al. [11] study several different
lunar and martian regolith analogues as well as real
lunar regolith samples.
The purpose of this study is to test a model pre-
sented by Wilkman et al. [27], which describes the
reflectance of a particulate surface through a com-
bination of the scattering properties of individual
grains and a correction for the particulate packing.
We apply the model to a sample of dark volcanic
sand to demonstrate its applicability in modelling
surfaces such as the lunar regolith.
In Section 2, we review the theory of bidirectional
reflectance. In Section 3, we describe the experi-
mental setup and the sample we have measured. In
Section 4, the numerical reflectance model we use is
described. Section 5 presents the results of the mea-
surements and modelling and Section 6 describes our
conclusions.
2. Theory
The reflectance behaviour of a surface is described
by its bidirectional reflectance factor (BRF). In gen-
eral, the BRF is a function of four angles: θi and φ0
are the zenith and azimuth angles of incidence, θe and
φ are the zenith and azimuth angles of emergence.
Additionally, the phase angle α, the complement of
the scattering angle is used. The BRF is also a func-
tion of the wavelength of light. The cosines of the
zenith angles µ0 = cos θi and µ = cos θe are widely
used for convenience.
If the target is horizontally and azimuthally
isotropic, the functional dependence is reduced to
three variables, as the only azimuthal variable is the
difference φ−φ0. In the present study, this is assumed
to be the case, and we set φ0 = 0◦. The geomet-
ric definitions of the angles are given on Figure 1.
When φ = 0, the incident and emergent directions
are on the same side of the zenith.
The BRF is defined as a ratio of the reflected light
intensity of a given target to an ideal Lambertian re-
Figure 1: The illumination geometry.
flector with a spherical albedo of unity under same
incident irradiation:
BRF(µ, µ0, φ, φ0) =
I(µ, φ)
µ0I0(µ0, φ0)
(1)
where I0 is the incident collimated flux, I0(Ω) =
piF0δ(Ω − Ω0), and I(µ, φ) is reflected radiance. This
definition makes the BRF equal to the reflection co-
efficient R of the surface, which relates the incident
flux piF0 to the reflected intesity,
I(µ, µ0, φ, φ0) = µ0R(µ, µ0, φ, φ0)F0, (2)
because the reflection coefficient for a Lambertian
surface is unity, RL = 1.
BRFs of typical remote sensing targets vary
greatly. Some targets are forward scattering, some
are backward scattering, some have a strong specu-
lar reflection, some reflect highly to low zenith an-
gles [19, 22, 20, 21, 29]. Each target has its unique
BRF that depends on all of its geometrical and phys-
ical properties. Thus the BRF information can be a
valuable tool in target classification and quantifica-
tion.
The plane albedo Ap(µ0) is the fraction of the inci-
dent flux scattered by a planar surface into the whole
sky hemisphere. The plane albedo is a property of
the surface and a function of the incident light direc-
tion,
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AP(µ0, λ) =
1
pi
∫ ∫
µR(µ0, µ, φ, λ) dµ dφ, (3)
where λ is the wavelength of the light. In principle,
the integrations in Eq. 3 run over full hemispheres
and wavelength range, but in many practical appli-
cations the observational range may be limited to a
smaller wavelength range, e.g., only visual light, and
the field of view of the instrument is also often lim-
ited; typical albedometers see zenith angle ranges of
±70◦ to ±80◦.
3. Laboratory measurements
3.1. The measurement apparatus
The BRF measurements have been taken using
the Finnish Geodetic Institute Field Goniospectrom-
eter FIGIFIGO, an automated portable instrument for
multi-angular reflectance measurements. The FIGI-
FIGO system consists of a motor-driven moving arm
that tilts up to ±90◦ from the vertical, optics at the
end of the arm, and an ASD FieldSpec Pro FR 350–
2500 nm spectroradiometer. The active optics sys-
tem at the top of the measurement arm has been built
using lenses and Thorlabs lens tube system compo-
nents. The signal from the sample comes to the
optics through a servo-driven mirror. The turnable
mirror allows the control computer to stabilize spec-
trometer field-of-view at the sample within accuracy
of 1 cm from all zenith directions even if the sam-
ple is not positioned exactly at the center of rota-
tion. The length of the telescopic measurement arm
is adjustable from 1.55 to 2.65 m and it houses an in-
clinometer to provide the control computer with the
measured zenith angle. A detailed description of the
instrument can be found in [8] and [22].
Typically, the detector footprint diameter is about
10 cm, elongating at larger sensor zenith angles as
1/ cos θ, and wandering around a few centimeters
due to material flexing and with azimuthal move-
ments.
The illumination scheme in the laboratory is pre-
sented in Figure 2. In the laboratory experiments,
a halogen lamp is used as a light source. The lamp
light is collimated by a parabolic mirror and directed
to the target by a plane mirror. The illuminated area
Figure 2: The laboratory illumination set-up.
of the sample is large enough to contain the footprint
in all of the viewing geometries used.
The instrument has been calibrated by taking a
nadir measurement from a Labsphere Spectralon 25×
25 cm white reference plate before and after each
measurement sequence. The Spectralon target is not
perfectly Lambertian, but its BRF has been measured
separately and the deviance from Lambertian scatter-
ing is taken into account in the calibration [22]. The
Spectralon has been levelled horizontal with a bubble
level with an accuracy of about 1◦.
For the laboratory experiments, the system is
mounted on a rotating ring, which allows mak-
ing the measurements at controlled azimuth angles.
The measurements are always started at 0◦ rela-
tive azimuth (principal plane). The measurement
arm slowly moves between the selected zenith an-
gle range (in our experiment it was set to ±70◦ from
the zenith) while the spectrometer is continuously
recording data. Measurement of one hemisphere at
one illumination angle takes between 15 and 30 min-
utes, depending on the expected results and accuracy,
and various technical aspects.
The accuracy of the spectral BRF measurements
using FIGIFIGO is estimated to be 2% in the visible
band. The angle registration accuracy is 2◦.
The measured unnormalised radiance spectra I(λ)
is normalised by measured nadir spectra from a ref-
erence target, Istd(λ), as
BRF(µ, µ0, φ, φ0; λ) =
I(λ)
Istd(λ)
Rstd, (4)
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where Rstd is the reflectance of the Spectralon refer-
ence target.
3.2. The volcanic sand measurement
Our sample material is volcanic sand, mostly made
of basaltic to andesitic poorly crystallized glass parti-
cles, dark grey to black in color. The sample was ear-
lier described and studied in particular in the frame
of the Soot on Snow experiment [17, 20, 26]. The
sample is a mixture of the volcanic ash of glacioflu-
vial nature, originating from under the My´rdalsjo¨kull
glacier, which may be mixed with the ash of the
Eyjafjallajo¨kull eruption in 2010 and the Grı´msvo¨tn
eruption in 2011. It represents well the material re-
suspended in the most active dust source in South-
ern Iceland and deposited on glaciers or snow in the
south and southeast Iceland [1, 2]. The collecting site
was in the My´rdalssandur dust source in the south
Iceland in November 2012, and this material has
been mixed by aeolian processes, with enriched sand
proportion as the silt sized material is lost as dust
along the way. The sample was sieved and consisted
mostly of particles between 250–1300 µm. This size
range is larger than the typical Lunar surface regolith,
which has a mean particle size around 100 µm. Fig-
ure 3 shows the sample in its plastic container before
the measurements.
The sample was treated in three different ways.
For the first measurement, the material was sieved
onto a dark cloth on a plate forming a layer approx-
imately 1 cm thick (Figure 4, top). For the sec-
ond measurement, the plate was vibrated by knock-
ing on its bottom, causing the material both to set-
tle and form a rippled surface structure (Figure 4,
middle). For the third measurement, the ripples
were smoothed by dragging a plastic ruler lightly
across the surface and then the material compacted
all around by pressing with the flat side of the ruler
(Figure 4, bottom).
A fixed incident angle of 52◦ was used for all
three samples. Additionally, the same material, pre-
pared in the same way as the “sieved” sample, was
measured at two other incident angles: 38◦ and 60◦.
These additional data are treated as a separate fourth
sample.
The data cover a phase angle range from approx-
imately 5◦ to 122◦. The emergence angle θe was
Figure 3: The sample in normal room illumination before being
sieved onto the measurement plate.
swept from −70◦ to +70◦ at seven different azimuth
angles, φ = 0◦, 5◦, 10◦, 20◦, 45◦, 60◦, and 90◦. To im-
prove signal-to-noise ratio, the measurement at each
azimuth angle was repeated 5 times.
Figure 5 shows the spectrum of the sieved sam-
ple under normal viewing. We separate two spec-
tral bands from the data: 500–600 nm, which we call
“green” and 800–900 nm, which we call “NIR”. We
have therefore eight different data sets, correspond-
ing to the four sample treatments and two wavelength
bands.
4. The scattering model
We use a semi-numerical scattering model for
rough particulate surfaces [27], which has previously
been applied to disk-resolved photometric data of the
lunar surface [28]. The model has the reflection co-
efficient
RPM =
ωV
4
PV(α)S (µ0, µ, φ)
1
µ0 + µ
, (5)
where ωV is the volume-element albedo, PV is the
volume-element phase function, and S (µ0, µ, φ) is the
4
Figure 4: Close-up photographs of the samples on the mea-
surement plate under 52◦ illumination by the laboratory light
source. The sieved sample is on the top, shaken in the middle,
and smoothed on the bottom. The two laser dots are alignment
guides for the FIGIFIGO optics, and are approximately 10 cm
apart on the surface. The lasers are switched off during the
measurement.
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Figure 5: The spectrum of the sieved sample under normal
viewing and 52◦ incidence. The shaded areas show the two
spectral bands used in this study. For illustration purposes, the
data have been smoothed by a 3 nm average binning.
shadowing correction. The albedo and the phase
function describe the scattering properties of individ-
ual particles of the regolith. The shadowing correc-
tion takes into account the effects of the porous par-
ticulate structure and depends on various properties
of the surface, mainly the packing density and sur-
face roughness. We use pre-computed values of S ,
available in a public database1 covering various sur-
face parameters.
The shadowing correction S is derived from ray-
tracing simulations in a medium of packed particles
with a uniform distribution of diameter. The packing
density ν can range from 15% to 55%. In addition,
macroscale roughness can be added by intersecting
the medium with a random height map and removing
all particles above it. This height map has fractal
statistics, controlled by the Hurst exponent H, which
determines the horizontal correlation of the heights,
and scaled by the amplitude parameter σ.
The packing density ν has the largest effect on the
shape of the BRF, which is then further modified by
surface roughness. The effect of increasing rough-
ness amplitude σ is to reduce the forward scattering
and to make the surface darker at high zenith angles.
In addition, at a given value of σ, higher values of H
lead to a wider opposition effect and stronger forward
scattering. Figure 6 illustrates the effects of different
parameter values on the BRF.
1https://wiki.helsinki.fi/display/PSR/Numerical+Scattering+Law
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Figure 6: The values of the PM scattering model with an isotropic phase function, at φ = 0◦ and 30◦ incidence. Three different
packing densities are shown: ν = 0.55 (solid line), ν = 0.30 (dashed line) and ν = 0.15 (dotted line).
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We vary H from 0.20, corresponding to a “spiky”
surface of narrow features, to 0.80, which corre-
sponds to wide and smooth features. The amplitude
σ ranges from zero to 0.10. Approximately equating
the simulation units to the estimated size range of the
measured sample, the maximum amplitude σ = 0.10
corresponds to a standard deviation of height of 4.3
millimeters. With nine different packing densities,
four values of the Hurst exponent and seven different
amplitudes there are a total of 216 different choices
of the shadowing correction S .
Because the data do not cover the entire range of
phase angles, and PV(α) is normalized over phase
angle, it is not possible to separate the product
ωVPV(α). We model this product with a cubic spline
function with nodes at α = 0◦, 10◦, 40◦, 90◦, 130◦ and
180◦. The derivatives at the endpoints were set to
zero, so there are six real-valued parameters in the
model, in addition to the choice of the shadowing
correction out of the 216 different discrete values.
We choose the spline approach for its greater flex-
ibility compared to phase functions such as a lin-
ear combination of Henyey-Greenstein functions. In
order to model the opposition effect as well as the
broader forward and backward scattering peaks, at
least three Henyey-Greenstein components would be
needed. Experimentation showed that the spline pro-
duces a good fit with the same number of free param-
eters and a simpler optimization procedure.
An assumption of the PM model is that ωVPV(α)
depends mainly on the properties of the individual
surface particles and the wavelength of light, while
the shadowing correction S depends only on the way
the particles are arranged. It is therefore possible to
separate these two effects. We fit the shadowing cor-
rection and the phase function to our eight data sets
simultaneously (two spectral bands and four sample
treatments), so that the phase function is the same
for every data set in the same spectral band, while
the shadowing correction is the same for the differ-
ent sample treatments.
The fit is done with a stochastic optimization al-
gorithm, which performs a random walk in the pa-
rameter space for the spline coefficients, preferring
to move toward better fitting models. For each pro-
posed phase function, the fit to the data is computed
with each of the 216 different shadowing corrections
and the best combination is kept. The procedure pro-
duces robust results, converging to the same best-fit
parameters from different starting points.
We also compared the results to the Lommel-
Seeliger model [7] which is widely used in studies
of Solar System photometry. The Lommel-Seeliger
model derives from radiative transfer theory in a ho-
mogeneous and sparse medium of scatterers. It does
not take into account the particulate nature of the ma-
terial, which affects the extinction statistics of the
light depending on the illumination geometry.
5. Results
The measured data and best-fit model curves are
shown in Figures 7 and 8, at zero azimuth angle,
which represents one seventh of the total amount
of data. There are significant differences both be-
tween the different sample treatments, and between
the two spectral bands. For a given sample treatment,
the NIR band always has stronger forward scattering
and weaker backward scattering than the green band.
In both spectral bands, the shaken sample is over-
all brighter than the sieved one by about 25%, but
the balance between forward and backward scatter-
ing remains the same. After the shaken sample is
smoothed, it becomes less backward scattering and
more forward scattering.
The PM model is able to fit the measured BRF
well. In the principal plane, there is a slight discrep-
ancy around −50◦ zenith angle for most of the sam-
ples. In other azimuthal planes this is not apparent.
There is some stepping and numerical noise appar-
ent in the best-fit curves, due to the finite resolution
of the shadowing correction part of the PM model.
Figure 9 shows the best-fit function for ωVPV(α)
for each spectral band. These curves represent the
average scattering properties of the volume elements,
i.e., individual grains and their immediate surround-
ings, in the sample. The difference in the forward
and backward scattering intensities is apparent here.
Table 1 shows the best-fit parameters of the shad-
owing correction for each sample. The shaken sam-
ple shows a clear deviation in the best-fit packing
density compared to the other two. We discuss a pos-
sible cause for this below.
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ν H σ p green p NIR
sieved 0.35 0.40 0.10 0.043 0.038
shaken 0.55 0.40 0.08 0.044 0.039
smooth 0.45 0.20 0.06 0.043 0.039
sieved 2 0.30 0.60 0.10 0.043 0.038
Table 1: The best-fit parameters for the shadowing correction,
as well as the geometric albedo under normal incidence com-
puted from the best-fit models.
Another unexpected feature is that the BRF of the
second sieved sample is closer to the smooth sam-
ple more than to the first sieved sample. This is
not apparent from the packing density alone, but the
much lower Hurst exponent produces a very differ-
ent roughness effect, which leads to a result similar
to the smooth surface.
We can then use the best-fit reflection coefficient
to extrapolate the BRF in any illumination. Figure 10
shows the BRF under normal illumination for all of
the models. Under normal illumination, the differ-
ences between different models are the greatest. Here
the similarity between the second sieved sample and
the smoothed first sample is clear. The differences
between the spectral bands are also apparent.
We can also use the best-fit reflection coefficient
to compute the geometric albedo of a flat disk in nor-
mal illumination. The geometric albedo is defined
as the disk-integrated brightness at zero phase angle
divided by that of a Lambertian disk. It is found to
be approximately 0.039 in the NIR band and 0.043
in the green band for all of the samples. The geo-
metric albedos of spheres with the same reflection
coefficients are 2–3% lower in every case.
The uncertainty in the geometric albedos from
our parameter estimation scheme is on the order of
±0.001. However, because of the lack of data at low
phase angles, as well as the angular size of the light
source (≈ 2◦) and the acceptance angle of the op-
tics (≈ 3.7◦), these values are uncertain. The opposi-
tion effect is underestimated, and the real geometric
albedo is likely to be higher. Still, the values show
that the NIR band is brighter near opposition than
the green band.
Because the data also do not contain phase angles
greater than 130◦, the volume-element phase func-
tion is unconstrained in the forward scattering direc-
tion. These ranges of missing data at low and high
phase angles prevent reliable estimation of photo-
metric quantities which are integrated over the phase
angle. It also prevents us from separating the prod-
uct ωVPV(α) ≡ f (α), because the normalization of
PV(α) is an integral over the phase angle. From this
normalization follows that
ωV =
1
2
∫ pi
0
f (α) sinα dα (6)
The true values of the phase function in the un-
constrained regions are almost certain to be higher
than the fitted curve, and therefore the above equa-
tion provides a lower bound for the true value of ωV .
The unconstrained regions also have a lower weight
in the integral due to the sinα term. We find that the
best-fit spline in Figure 9 gives ωV ≥ 0.19 in green
and ωV ≥ 0.21 in NIR.
The plane albedo (Equation 3) of the material can
also be computed from the model fits (Figure 11). Its
values also become less certain when the integration
requires phase angles greater than 130◦, i.e. when the
incidence angle is greater than 40◦. In the NIR band,
the plane albedo at normal incidence is about 4%
lower than in the green band, but grows faster with
increasing incidence angle and by 50◦ incidence they
are equal. The uncertainty in the individual curves is
around 1%. This relationship does not depend on the
shadowing correction. Here, too, we see the similar-
ity between the smooth sample and the second sieved
sample.
6. Discussion
We have measured a sample of dark volcanic sand
and obtained a good data set with low noise in the
visible and near-infrared. We also obtained a lower-
quality set of data at different incidence angles. We
fit the particulate medium scattering model to the
measured data, fitting the volume-element properties
separately in two spectral bands. The model provides
a consistent and good-quality fit.
The increase in modelled packing density for the
shaken sample is surprising. We do expect the pack-
ing density to increase slightly from the shaking, but
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Figure 7: The measured normalized brightness (circles) and best fit (black line) in the principal plane (φ = 0) for the sieved (top
row), shaken (middle row) and smooth (bottom row) samples. The left column shows the green spectral band and the right column
the NIR band. The horizontal axis is the angle of emergence θe, with the zenith direction in the middle. The vertical dashed line
indicates the incident direction. 9
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Figure 8: As Fig. 7 but for the two additional incidence angles with a sieved sample.
10
0 20 40 60 80 100 120 140 160 180
Phase angle α
0.00
0.05
0.10
0.15
0.20
0.25
ω
V
P
V
(α
)
0 20 40 60 80 100 120 140 160 180
Phase angle α
0.00
0.05
0.10
0.15
0.20
0.25
ω
V
P
V
(α
)
Figure 9: The best-fit spline for the volume-element albedo and phase function product ωVPV (α) for the green (left) and NIR (right)
measurements. The grey shading indicates phase-angle ranges where data were not available.
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Figure 10: The BRF of all the samples, reduced to normal illumination with the best-fit models. In normal illumination the
horizontal axis corresponds both to the angle of emergence and the phase angle and the BRF is azimuthally symmetric. The four
different surface treatments correspond to different shadowing corrections, and the two different spectral bands to different phase
functions.
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Figure 11: The plane albedo as a function of incidence angle for the eight different models. The four different surface treatments
correspond to different shadowing corrections, and the two different spectral bands to different phase functions.
such a large increase cannot be indicative of the true
packing density. This is further shown by the fact
that after smoothing, the sample is fit with lower
packing density again. Previous laboratory results
and theoretical considerations say that an increase
in packing density should cause an increase in the
albedo of the surface [23, 9]. This is also observed
in our measurements. Since our modelling considers
only one type of size distribution and the volume-
element albedo is assumed not to depend on the
packing, an increase in brightness can only be mod-
elled as an increase in packing density. The shak-
ing may cause effects such as changes in the surface
size distribution, which cannot therefore be separated
from the modeled packing density.
All the measurements show a darkening trend at
high angles of emergence in the backward direction,
compared to the models. This is partly due to the
experimental setup. In the PM scattering model,
this kind of behaviour is produced by high surface
roughness. Quantifying the surface roughness in the
real samples is very difficult, however, and drawing
strong conclusions on the samples’ roughness prop-
erties is not possible.
All of the best fits for the first three measurements
result in rather high values for the roughness am-
plitude σ, which indicates deep roughness features
compared to the particle scale. The direct interpre-
tation of the large σ values into real world units is
larger than the apparent roughness of the sample.
This suggests that a more detailed study of the com-
bined effect of the roughness and the size distribution
in the PM model is needed. The other weaknesses of
the currently available version of the PM scattering
model are the finite angular resolution and the nu-
merical noise due to the Monte Carlo method used
in its precomputations. All these are technical limi-
tations which can be improved with some additional
computational effort, which is outside the scope of
the present measurement-oriented study.
Another unexpected observation is that the sec-
ond sample which was sieved onto the measurement
plate has a BRF much more similar to first sample
smoothed, rather than sieved. Conclusions on this
are also limited by the difficulties in sample charac-
terization. The sieving was performed by the same
person and in the same way both times. It appears
that the distribution of particles resulting from the
sieving can vary enough to cause significant changes
in the BRF.
Though the volcanic sand has a rather flat spec-
trum in the visible-NIR range, the NIR end shows
clearly stronger forward scattering and weaker back-
ward scattering than the green end. The geometric
albedo is correspondingly higher in the green band.
The higher value p = 0.043 is still quite low, but
these values are also likely underestimated because
of the lack of data near exact opposition.
All in all, we find that good measurements of
dark regolith-like materials can be obtained with the
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FIGIFIGO instrument, and that the semi-numerical
PM scattering model can match the features of the
measured data well with a reasonable phase func-
tion. Better measurements are needed to improve the
physical interpretation of the PM scattering model
parameters, but controlling the parameters even for
a laboratory sample is challenging. A more de-
tailed laboratory measurement campaign in the fu-
ture could produce a data set of parametrizations of
different regolith analogues for comparisons with re-
mote sensing data of Solar System objects.
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